We report the synthesis of ultra-high aspect ratio copper nanowires (CuNW) and fabrication of CuNW-based transparent conductive electrodes (TCE) with high optical transmittance (>80%) and excellent sheet resistance (Rs <30 Ω/sq). These CuNW TCEs are subsequently hybridized with aluminum-doped zinc oxide (AZO) thin-film coatings, or platinum thinfilm coatings, or nickel thin-film coatings. Our hybrid transparent electrodes can replace indium tin oxide (ITO) films in dye-sensitized solar cells (DSSCs) as either anodes or cathodes. We highlight the challenges of integrating bare CuNWs into DSSCs, and demonstrate that hybridization renders the solar cell integrations feasible. The CuNW/AZO-based DSSCs have reasonably good open-circuit voltage (Voc = 720 mV) and short-circuit current-density (Jsc = 0.96 mA/cm 2 ), which are comparable to what is obtained with an ITO-based DSSC fabricated with a similar process. Our CuNW-Ni based DSSCs exhibit a good open-circuit voltage (Voc = 782 mV) and a decent short-circuit current (Jsc = 3.96 mA/cm 2 ), with roughly 1.5% optical-to-electrical conversion efficiency.
INTRODUCTION
Transparent conductive electrodes (TCEs) are essential components of a wide range of opto-electronic devices, especially for many emerging photovoltaic cells. For instance, organic solar cells (OSCs) [1] [2] [3] , dye-sensitized solar cells (DSSCs) [4] [5] [6] [7] [8] [9] , and the rapidly improving perovskite solar cells [10, 11] all require a transparent conductive window layer to function properly. These devices are usually constructed atop transparent conductive electrodes by depositing the main active layer and additional functional layers. TCEs can be fabricated from many different materials, for instance, metal oxides including indium tin oxide (ITO) [12] , aluminum-doped zinc oxide (AZO) [13, 14] , conductive polymers such as poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) [15] , patterned metal grids [16] , or randomlyaligned metal nanowire networks [17, 18] . Among such materials, ITO has been the most successful for commercial applications, due to its excellent optical and electrical characteristics.
TCEs based on metal nanowires, specifically silver nanowires (AgNWs) and copper nanowires (CuNWs), have shown enormous potential with their comparable conductivity and optical transmittance vis-à -vis ITO [17, 18] . Many researchers have synthesized metallic nanowires via different methods and integrated them into a variety of functional devices, thus demonstrating their potential for practical applications. Compared to silver and indium, copper is more abundant, and the cost of mass-producing copper nanowires is significantly lower than that associated with alternative electrode materials. Additionally, copper has similar bulk resistivity to silver, making it an outstanding conductor. The advantages of copper have driven researchers to investigate the synthesis and optimization of copper nanowires. Rathmell et al [19] demonstrated a solution synthesis of CuNWs, but their nanowire aspect ratio was not ideal compared to that of AgNWs. In 2013, Guo et al demonstrated a different route to synthesis of high aspect-ratio copper nanowires via a solution process [20] . Although the synthetic processes of CuNWs have been reproduced many times, hurdles to practical applications of CuNW-based TCEs in real devices are not often discussed in the literature. In several instances, it has been reported that CuNWs easily degrade in their electrical performance [21] . Meanwhile, compatibility of CuNWs with various device architectures remains to be determined. More specifically, few published papers have discussed the integration of CuNW electrodes into dye-sensitized solar cells.
Dye-sensitized solar cells (DSSCs) were introduced by Gratzel in 1991 [22] . The device uses natural or synthetic dyes to sensitize a semiconductor material, which typically consists of titanium dioxide (TiO2) nano-particles. In a typical DSSC, the device is usually constructed on a fluorine-doped tin oxide (FTO) or ITO-coated substrate, with the TiO2 layer deposited directly atop the FTO/ITO electrode. The TiO2 film is subsequently heated at high temperature, then stained with a natural or synthetic dye. The DSSC is assembled by sandwiching the anode and the cathode (usually platinumcoated ITO) with a thin spacer in between the two electrodes. Finally, a liquid electrolyte fills in the gap between the two electrodes to complete the solar cell. Figure 1 is a schematic illustration of a DSSC. Since their discovery in 1991, DSSCs have drawn much attention due to their low-cost and ease of fabrication. However, as mentioned earlier, there has not appeared in the open literature a detailed analysis of their compatibility with the emerging metal-nanowire-based TCEs. This will be the subject of the present paper. The particular fabrication process described above has several potential compatibility issues with metal nanowire based TCEs. First, the nanowire-to-substrate adhesion is not strong enough to withstand the forces exerted on the nanowires while depositing the TiO2 layer over the nanowire network. Second, nanomaterials (e.g., copper nanowires) typically have a lower melting temperature than their bulk counterparts, thereby limiting the range of annealing temperatures needed for sintering the TiO2 layer. Last but not least, the liquid electrolyte can corrode the metal electrodes rapidly, leading to device failure.
Although the nanowire TCEs face many challenges with regard to their integration into a DSSC, we believe CuNWbased TCEs share the characteristics of cost-effectiveness and ease-of-fabrication with DSSCs. Therefore, we hybridized our CuNW TCEs with other materials such as AZO thin-film coatings, platinum thin-film coatings, and nickel coatings. Subsequently, we integrated these hybrid electrodes into fully-assembled DSSCs. The hybridization has made it possible for CuNW-based TCEs to be used in DSSCs as either anodes or cathodes, opening possibilities for the large-scale fabrication of fully-functional low-cost devices in the near future.
EXPERIMENTS

Synthesis of CuNWs
The solution process of CuNW synthesis is adopted from Guo et al [20] with slight modifications. Details of the synthesis are described in our previous work [23] .To fabricate a CuNW TCE, CuNW solution was used for spray-coating a 1″  1″ glass substrate. Prior to deposition, the glass substrate was cleaned with methanol, acetone, and deionized water. During the spraying process, the substrate was affixed to a hot-plate maintained at 60 °C. The heated substrate facilitated solvent evaporation. The spraying distance was optimized at 10 cm for homogeneous nanowire distribution.
After spray-coating deposition of the nanowires on the glass substrate, the samples were placed in a plasma cleaner and exposed to low pressure air plasma (< 5 Torr) for 2 minutes. This process removes the organic coatings on nanowire surfaces and restores the electrical conductivity of the nanowire thin film.
Deposition of aluminum-doped zinc oxide thin films
Once the CuNW thin films are exposed to plasma treatment, they are ready for spin-coating aluminum-doped zinc oxide. To prepare the precursors, equimolar mixtures of diethanolamine (DEA) and zinc acetate are dissolved in 2-methoxyethanol at a concentration of 0.5 M. Subsequently, Al(NO3)3 is added to the solution at 2 atomic percent (2 at.%) to Zn 2+ (e.g.
[Al]/[Al + Zn] = 2%), and the solution is stirred for 1 hour. The precursor solution is aged for at least 24 hours before spin-coating. For each sample, 0.4 mL of precursor solution was pipetted onto the substrate, and the substrate was spun at 2000 rpm for 40 seconds. Subsequent to spin-coating, the samples were heated at moderate temperatures for 1 hour.
Pt-coated CuNW thin films
For direct deposition of platinum, our plasma-treated CuNW thin film samples were mounted on a flat SEM stub. For optimized nanowire surface coverage, the CuNW samples were mounted on 45° stubs. After sputtering a thin layer of platinum, the mount was rotated and a second layer of platinum was sputtered on the sample. This process was repeated until a thin coating of platinum covered all the exposed sides of the CuNWs.
Ni-coated CuNW thin films
The Ni-coating process is adopted from Rathmell et al [25] with some modification. Plasma-treated CuNW samples were placed in a beaker with 3 mL ethylene glycol. Nickel acetylacetonate (0.1 M, 0.01 mL) and NaOH (0.03 M, 0.03 mL) were added to the solution while keeping the temperature at 100 °C. Finally, hydrazine solution (35 wt%, 0.157mL) was added to the mixture. The Ni-coated CuNWs were taken out of the solution after 5 minutes and rinsed with IPA and dried with Nitrogen gas.
Fabrication of dye-sensitized solar cells
For anodes containing CuNWs, TiO2 nanoparticles (P25, Sigma-Aldrich) were transferred into a glass vial and heated at 500 °C in an oven. During the heating process, the nano-particles undergo the color change "white-yellow-white", which is also seen in their thin-film form while annealing. The heated P25 nanoparticles were then dispersed in ethanol (4:7) to form the 'paste', which is subsequently used to deposit on the CuNW/AZO TCEs via doctor blade coating.
For ITO-based anodes, conductive ITO glass slides purchased from NEWView electronics were used (Rs = 7 Ω/sq and T = 77%). Non-heated P25 nanoparticles were dispersed in ethanol (4:7) to form the paste for blade coating. After the TiO2 mesoporous layer was deposited on the ITO, the anode was heated on a hot-plate at 400 °C for 15 minutes.
The anodes (either ITO-based or CuNW-based) were then immersed in a staining chamber which contained 0.5 mM cisdiisothiocyanato-bis(2,2'-bipyridyl-4,4'-dicarboxylato) ruthenium(II) bis(tetrabutylammonium) dye (also known as 'N719') in ethanol. The dyeing process typically lasted several hours.
In order to assemble the DSSC, a 0.13 mm thick square spacer is placed between the two electrodes. Once the anode and cathode are aligned, the EL-HPE high performance electrolyte (791482, Sigma-Aldrich) is filled into the spacer to complete the fabrication process of the solar cell.
Characterization
The sheet resistance of the electrodes was measured using the 4-probe method with a Keithley 2400 source-meter. Optical transmittance spectra were measured using a Cary-3000 UV-Vis spectrometer and corrected with blank substrates as baselines. Scanning Electron Microscope (SEM) images were taken using a Hitachi 4800 SEM. Grazing angle SEM images were taken by mounting the samples vertically and tilting the mounting stage by 5°. The TiO2 mesoporous thin film thickness was measured with a Dektak profilometer. The I-V measurements of the fabricated solar cells were conducted under AM 1.5 solar illumination with a solar simulator, and the data collected with a Keithley 2400 source-meter with customized LabVIEW program.
RESULTS AND DISCUSSION
As demonstrated in previous work [23] , our CuNWs synthesized using the aforementioned solution process have an average length of 70 μm and an average diameter of 45 nm. The aspect ratio (length/diameter) of the CuNWs is ~1600, which is superior to many other CuNWs reported [19] . To fabricate the bare CuNW TCE, the nanowires were spray-coated onto glass substrates and subsequently exposed to low-pressure air plasma. The purpose of plasma treatment is to weld the junctions between individual nanowires, and also to remove the organic residues coating the nanowires [23] . After the appropriate treatment, our best bare CuNW films on a glass substrate have sheet resistance Rs = 22.4 Ω/sq and optical transmittance (at 550 nm wavelength) T = 88%. By depositing varying amounts of CuNW, a broad range of sheet resistance and optical transmittance can be obtained, with lower sheet resistance typically associated with lower optical transmittance.
In order to integrate the CuNW-based TCEs into dye-sensitized solar cells (DSSCs), a few obstacles must be overcome. First, to incorporate CuNWs into the anode of the solar cell, the mesoporous TiO2 layer has to be deposited atop the CuNW thin film. The adhesion of CuNWs to the glass substrate is usually not strong enough to withstand the lateral forces exerted on the nanowires, irrespective of whether spin-coating or doctor blade coating is used to deposit the TiO2 layer. Second, after the TiO2 film is deposited over the CuNW thin film, a heating process is required, which exceeds the melting point of the nano-sized copper materials. Third, regardless of which electrode (i.e., anode or cathode) the CuNW TCE is used for, the liquid electrolyte corrodes the CuNWs and degrades their electrical performance.
When CuNW TCEs are integrated as anodes into DSSCs, the nanowire-to-substrate adhesion must be strong enough to withstand scotch tape peel tests, and also withstand the exerted lateral forces while applying the TiO2 meso-porous layer. In Fig.2(a) , it is seen that, for a bare CuNW sample, nanowires on the right half of the sample have been completely removed after the scotch tape peel test (where the yellow box is drawn). A subsequent sheet resistance measurement confirms that the right-half of the sample is indeed devoid of CuNWs. In our previous work, it was demonstrated that, when an aluminum-doped zinc oxide (AZO) thin film is deposited on the CuNW film and then properly treated, adhesion to the substrate is significantly improved [24] . When meso-porous TiO2 is deposited directly on a bare CuNW film, using either spin-coating or doctor blade coating, the CuNWs are ripped off from the substrate, rendering the TCE non-conductive. In contrast, our CuNW/AZO TCEs are mechanically stable, allowing the deposition and staining of the TiO2 layer. Figure 2(b) shows the sheet resistance of a CuNW/AZO sample after five attempts of scotch tape peel; the sample clearly exhibits much improved adhesion to the substrate. The inset in Fig.2(b) is a photograph of a complete CuNW/AZO anode sample stained with N719 overnight; the blade-coated TiO2 layer has an average thickness of 4.8 μm. After staining, the sheet resistance Rs of the CuNW/AZO film slightly increases to ~ 30 Ω/sq. Figures 2(c) and 2(d) are SEM images of a CuNW/AZO film on glass substrate, viewed from two different perspectives. It is seen in both the topdown and grazing views that the CuNW network is fully embedded within the AZO cover layer, thus enhancing the adhesion strength of the TCE to its substrate. A number of complete DSSCs were fabricated incorporating the CuNW/AZO anodes. The fabrication process and cell structure are shown in Fig.3(a) . Within a series of fabricated cells, we have measured the best open-circuit voltage (Voc) of 720 mV, and short-circuit current density (Jsc) of 0.96 mA/cm 2 ; the fill factor of the cell was measured at 42.5%. The control sample consisting of substrate/ITO/low-temperature TiO2/N719 dye/electrolyte/Pt-ITO/cover layer had Voc = 678 mV and Jsc = 0.99 mA/cm 2 . The current-voltage (I-V) measurement results for the cells are shown in Fig.3(b) . Although the strengthened adhesion of CuNWs to the substrate enabled the subsequent deposition of a TiO2 layer atop the nanowire network, the high-temperature annealing/sintering process was still impossible. Following the low-temperature sintering process, we found that the TiO2 nano-particles were not fully sintered. This might explain the low current output and inadequate fill factor of the resulting solar cells. Despite the lower overall performance of the solar cell, the CuNW/AZO-based cell performance is comparable to that of a low-temperature-processed ITO-based sample. We have thus demonstrated the feasibility of integrating CuNW-based TCEs as anodes within a DSSC, albeit at the lower performance levels associated with the low-temperature annealing of TiO2.
In another scenario, if CuNW-based TCEs are used as cathodes for DSSCs, they will be in direct contact with the liquid electrolyte, which is corrosive to CuNWs. Platinum is a good choice of material to serve not only as a protective layer for the CuNW grid, but also as the catalytic film needed for the solar cell operation. In a first attempt, we deposited the platinum coating layer while the CuNW sample was mounted horizontally in the sputtering chamber. The samples came out just as electrically conductive, but with lowered optical transmittance. We immediately pipetted a drop of the liquid electrolyte on the CuNW/Pt sample to test their compatibility. To our surprise, the CuNWs under the platinum coating were still attacked by the liquid electrolyte and disappeared quickly. It occurred to us that the sub-10 nm Pt thin film may not be adequately covering the CuNW grid, as the diameter of individual CuNWs was around 45 nm. The illustration in Fig.4(a) indicates that the sides of individual CuNWs are still exposed while only the tops are covered by the Pt film. To make a continuous Pt coating that would cover the entire CuNW mesh (especially the sides of individual nanowires), we mounted our CuNW sample on a 45° tilt mount, and rotated the mount's orientation by 90° after depositing one layer of platinum, repeating the process for all four sides of the CuNW sample. Figure 4 (b) is a 2-dimensional illustration of the deposition process. By tilting the substrate as described above, platinum was deposited on all sides of individual nanowires. Thus, by repeatedly tilting the CuNW sample during sputter deposition, complete coverage by the Pt film was achieved. The samples prepared with this technique will be referred to as CuNW/4Pt. The CuNW/4Pt samples were used as transparent cathodes to assemble DSSCs; the device structure diagram can be seen in Fig.4(c) . When the cells were illuminated from the back side (cathode-side), we measured Voc = 600 mV and Jsc = 0.6 mA/cm 2 . When the cells were illuminated from the ITO side, we measured Voc = 613 mV and Jsc = 0.68 mA/cm 2 . Although the performance is not ideal for practical applications, we noticed that the life-times of the CuNW/4Pt electrodes had extended to several hours compared to the fairly short life-times of bare CuNW TCEs. The possibility thus exists for using CuNW-based transparent cathodes in fabricating DSSCs.
In addition to sputtering a metallic layer directly onto the CuNW network, one can use a solution process to coat the individual CuNWs of a TCE with a thin metal coating. We adopted and modified an electroless plating method for Power [mW] coating our CuNWs with nickel [25] . The details of the process are given in our experimental section. Figure 5 (a) compares the optical transmittance of the bare CuNW and the Ni-coated CuNW samples. The optical transmittance of the Ni-coated sample is seen to be lower than that of the bare CuNW TCE, but the overall transmittance appears to be more neutral, which can also be seen in the inset photographs. Figure 5(b) shows an SEM image of the Ni-coated CuNW sample, while Fig.5(c) shows the corresponding elemental mapping of nickel in the area depicted in Fig.5(b) . It is readily seen that the nickel film is coating only the CuNWs, instead of forming a continuous thin-film on the entire substrate. The Ni-coated CuNW has enhanced electrical conductivity due to the metal coating; it also shows improved resistance to electrolyte corrosion, making it possible to use it as cathode for a DSSC. Our fabricated DSSC has a high open-circuit voltage (Voc = 782 mV) and a decent short-circuit current-density (Jsc = 3.96 mA/cm 2 ). The fill factor (49.4%) of the solar cell is somewhat lower than that of the ITO-based control sample. The overall optical to electrical conversion efficiency of the cell is measured at about 1.5%, which is considerable for a CuNW-based DSSC. Table 1 summarizes the performance of our fabricated dye-sensitized solar cells that use different electrode configurations. It is seen that CuNW-based TCEs have the potential to replace ITO either as anode or as cathode in a DSSC, but the overall performance is yet to match that of the original ITO-based cells. However, further improvement is expected based on the results of our initial attempts in this direction. Needless to say, replacing ITO with CuNW-based TCEs on both sides of the solar cell promises the manufacturability of ITO-free dye-sensitized solar cells using low-cost copper nano-materials. 
CONCLUSION
We have synthesized ultra-high aspect ratio CuNWs and hybridized them with several other materials to improve the chemical and/or mechanical stability of the resulting transparent conductive electrodes. These CuNW based TCEs were then integrated into dye-sensitized solar cells, which were fully assembled and then characterized. Our fabricated solar cells incorporating a CuNW/AZO anode exhibit good open-circuit voltage (720 mV), but have a somewhat lower shortcircuit current (0.96 mA/cm 2 ) compared to all-ITO dye-sensitized solar cells. Our CuNW/4Pt samples show significantly improved resistance to the detrimental effects of the liquid electrolyte, which rapidly corrodes the bare CuNW electrodes. Finally, our Ni-coated CuNW electrodes, which serve as cathodes for dye-sensitized solar cells, exhibit good opencircuit voltage (Voc = 782 mV) and decent short-circuit current-density (Jsc = 3.96 mA/cm 2 ). The hybridization of CuNWs with other materials shows great potential for fabricating ITO-free semi-transparent dye-sensitized solar cells.
